We present measurements of total cross sections for 1 to 30 eV positrons scattered by uracil molecules. The measurements are done using a beam transmission technique on a setup adjusted to accommodate the nature of uracil and we discuss possibilities of future experiments studying positron interactions with more complicated targets. These and future investigations of positron interactions with biomolecules have potential relevance to various biomedical applications.
I. INTRODUCTION
Positron emission tomography ͑PET͒ has paved the road for positron use in the biomedical realm. Even though PET has become common, there are many unanswered questions about interactions of positrons with biomolecules; e.g., positronium formation still remains a "subtle aspect of PET" ͓1͔. This is just one reason why the investigation of the interactions of positrons and biological molecules may be interesting. Another reason comes from a different side of the scientific community, which is interested in studies of DNA and proteins; in that aspect positrons serve as a tool that may be quite attractive. Such a study will have to analyze the products of DNA or protein decay as is done for electron ͓2͔ or heavy-ion ͓3͔ projectiles. In order to launch this study, a desirable first step is the measurement of cross sections of different types of interactions of positrons with DNA or proteins. However, even this cannot be done without preliminary studies. The exploration of much smaller and simpler molecules such as uracil ͑one of RNA bases͒ will hopefully lead to studies of more complex targets. In fact, uracil molecules were one of the first targets for both experimental and theoretical investigations of electron scattering by biomolecules ͓4-8͔.
In this work, our measurements of the total scattering cross sections for 1 to 30 eV positrons scattered by uracil molecules are made with a beam-transmission technique, previously used to measure total cross sections of positrons scattered by alkali-metal atoms ͓9-12͔, and a variety of room-temperature gases ͓13͔. The setup has been modified to accommodate the nature of the target and these modifications, such as heating of adjacent apertures, will be used in the future experiments with more challenging targets.
II. MEASUREMENTS AND DISCUSSION
Our setup for measurements of total cross sections is described in detail most recently in Ref. ͓12͔ and references therein. Briefly, we use a 22 Na-positron source with a tungsten moderator that slows and narrows the energy distribution of the positrons ͑the full width at half-maximum gradually increases from 0.3 eV for 1-eV positrons to 2 eV for 30-eV positrons͒, which are then focused by an electrostatic lens and collimated by an axial magnetic field that eventually guides the beam through the scattering cell that may or may not be filled with uracil vapor. Then, the transmitted positrons are detected by a channeltron after passing through a retarding element. If the scattering cell is not heated, the number density of the uracil vapor is small and the attenuation of the beam is negligible. We refer to such a beam as the primary beam to distinguish it from the attenuated beam in the case when the beam interacts with the uracil vapor produced by heating the scattering cell and an adjacent cylinder containing uracil powder. We measure the temperature of the cell and calculate the pressure of the saturated vapor of the sublimated uracil using available vapor pressure data ͓14͔.
Having measured the luminosities of the primary and attenuated beams and having calculated the number density of the uracil vapor, we may calculate the total cross section of the positrons scattered by uracil. An ideal total cross section measurement discriminates against all positrons that have interacted with uracil, both elastically or inelastically by removing all scattered positrons from the attenuated beam. In our system, the exit aperture of the scattering cell and the use of a retarding potential applied to the cylindrical element following the scattering cell provide a reasonably high degree of discrimination against positrons that have scattered elastically or inelastically.
Our first attempt to measure cross sections of positrons scattered by uracil failed. The vapor of uracil molecules within the cell diffused through the aperture and coated the cold surrounding surfaces including the surface of the retarding element. As soon as this had happened, the dielectric film would quickly charge up and attenuate the beam much more effectively than the vapor in the cell. This problem has been solved by heating the retarding element by a specially designed heating wire and by additional heating of the whole chamber from the outside by nearly boiling water. Since the operating temperatures were between 130°C and 140°C, this turned out to be sufficient, and we obtained reproducible results.
Our results are presented in Fig. 1 and Table I . These results are the product of a considerable number of measurements. The variance of cross sections at each measured energy is quite significant. Therefore, we were concerned about whether this variance was caused by the difference in the vapor pressure or additional attenuation caused by the reduced but still present uracil coating of surfaces adjacent to the beam. To answer this concern, we have analyzed the statistical uncertainty of each point and looked at how this uncertainty correlated with the difference of this point from the average cross section. The results of this analysis showed no correlation. The averaging was done in two ways, by simple calculation of the average at a given energy and by calculation of the weighted average using the inverse squares of uncertainties as weights. Both averages turned out to be very close to each other.
As far as we know, there are no theoretical calculations of positron-uracil cross sections at this time. Comparison to electrons scattered by uracil does not seem to be productive at the measured energies since the processes that may contribute significantly at these energies, such as positronium formation for positrons and dissociative attachment for electrons are quite different. ͑The energies at which our measurements have been done are much lower than the energies at which we would expect the total cross sections of electrons and positrons to asymptotically approach each other.͒ The positron-uracil cross sections are not particularly large ͑ap-proaching 30 Å 2 near 1 eV͒, but are comparable to polyatomic hydrocarbons ͓13͔. The apparent change in slope of the total cross section curve in the vicinity of 2 eV suggests that positronium formation may be a significant contributor to total scattering above the positronium formation threshold near 2.5 eV, as has been found for most target atoms and molecules that have been investigated ͓13͔.
III. CONCLUSIONS
In conclusion, we would like to speculate about the possibility of further measurements of positron scattering from biomolecules. From our experience with uracil, we infer that such measurements are possible, although they may not be simple. The "nonsticking" temperature may have to be higher even in the case of other DNA or RNA bases. This will be related to some technical limitations of the existing apparatus. The other problem which will have to be solved is related to the products of the decay of the target molecules as a result of their dissociation, such as the strategic fragmentation of peptides. This requires implementations of massspectrometry by means of, e.g., time-of-flight measurement in a style of Ref. ͓3͔. This work shows that the problems caused by the capricious nature of biomolecules can be solved.
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